Abstract In this paper, experimental studies were performed on a simulated reactive dyebath effluent to compare coagulation-flocculation and Fenton's oxidation with electrocoagulation using stainless steel (SS 304) and aluminium electrodes in terms of colour and COD removals as well as AOX formation potential and improvement of biological treatability. Results have indicated that FeCl 3 and alum coagulation had little effect on colour removal whereas comparable colour removal efficiencies with those of electrocoagulation with steel electrodes and Fenton's oxidation were attained by FeSO 4 coagulation. Almost complete colour removals accompanied with 77% COD abatement were obtained by both electrocoagulation with steel electrodes and Fenton's oxidation under optimised reaction conditions. Although electrocoagulation with aluminium electrodes yielded very limited colour removal and produced a high amount of sludge upon extended reaction time, this application brought about a marked improvement in biodegradability.
Introduction
Among the effluents originating from the textile dyeing and finishing processes, wastewaters produced through the reactive dyeing process has attracted by far the most environmental concern due to their intensive colour (because of the low fixation rate of reactive dyestuffs onto textile fabrics) of almost non-biodegradable nature and persistency. Difficult-to-degrade COD content of this flow mainly comes from the dye auxiliary chemicals employed. Due to this fact, conventional biological, physical, chemical treatment methods and their combinations remain inadequate for effective COD and colour removal from the dyehouse effluent.
More recently, electrocoagulation has been successfully applied to samples being prepared using different types of dyestuffs for colour and COD removal. Electrocoagulation involves the in situ generation of coagulants by dissolving electrically either aluminium or iron from their respective metals (Chen, 2004) . The main factors affecting the performance of electrocoagulation are given in the related literature as current density, type of electrolyte being present or added to the reaction medium, pH, temperature and type of electrode material. For instance, a large current means a small electrocoagulation unit; on the other hand, a too large current density would result in a significant decrease in current efficiency (Chen, 2004) . The addition of NaCl as the electrolyte leads to the decrease in power consumption because of the increase in conductivity. Moreover, the presence of NaCl in the system results in an electrolytic generation of chlorine/hypochlorite depending on the type of electrode material. In situ generated chlorine/hypochlorite is the main oxidising agent in the reaction medium. It was reported that increasing the chloride concentration increases the colour removal from textile dyeing effluents due to enhanced mass transport through chloride ions to the anode surface and diffusion in the diffusion layer of the anode . As a result, more chlorine/hypochlorite is generated. The effects of pH on electrocoagulation are reflected by the formation of metal hydroxide as well as by the amount of hypochlorous acid generated. At higher pHs the system performance may be adversely affected due to the decrease in the production of chlorine/hypochlorite and formation of metal hydroxide flocs. In addition, elevated reaction temperature decreases chlorine/hypochlorite generation . Aluminium and iron electrodes are cheaper than the other type of electrodes. Yang and McGarrahan (2005) conducted electrocoagulation studies on synthetic dyebath samples of C.I. Reactive Blue 19, C.I. Acid Red 266 and C.I. Disperse Yellow 218 using anodes made of either aluminium or cast-iron sheets and cathode made of graphite and found that both anode materials were effective in terms of colour removal from the investigated dyebath samples. They also reported that NaCl addition was necessary when cast iron sheets were used in order to reduce the power consumption. Besides, pH control was essential during electrocoagulation with aluminium sheets to increase the amount of aluminium hydroxide flocs. examined electrochemical degradation of C.I. Reactive Blue 19 in a chloride medium using titanium-based dimensionally stable anode. They showed that higher chloride (2.5 g.L
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) concentration, operation at acidic pH (4 -5), lower temperature (25 8C), increasing current density and decreasing initial dye concentration favoured colour removal efficiency. In another study, by Alinsafi et al. (2005) electrocoagulation of the reactive dye Drimarene K2LR CDG Blue and real textile wastewater was investigated using aluminium flat electrodes of rectangular shape. Their experimental results indicated that the biodegradability increased after electrocoagulation with aluminium electrodes. studied the degradation of Reactive Red 120, 141, 198, Reactive Blue 49, 19, Reactive Orange 16, Reactive Yellow 84, 15 and Reactive Black 15 with in situ electro-generated active chlorine using titaniumbased dimensionally stable anode. In their study complete colour removal at a supporting electrolyte concentration of 1.5 g.L 21 and 36.1 mA.cm 22 current density was obtained for all reactive dye classes. Kim et al. (2002) investigated the effects of the operating parameters such as current density, electrode number, electrolyte concentration, solution pH, inlet flow rate on decolorisation of disperse (Disperse Blue 106 and Disperse Yellow 84) and reactive dyes (Reactive Blue 49 and Reactive Yellow 84) by a continuous electrocoagulation process using aluminium, iron and stainless steel electrodes. Their results revealed that dye removal was proportional to current density, electrode number and electrolyte concentration and disproportional to electrode gap, dyestuff concentration and inlet flow rate. Fernandes et al. (2004) employed the electrochemical treatment using a commercially available boron-doped diamond electrode as the anode to mineralise the monoazo dye (C.I. Acid Orange 7). An almost complete colour removal and more than 90% COD abatement were obtained using this method in their experimental study. Considering the potential of electrocoagulation to remove colour, COD and recalcitrance from dyehouse effluent, the purpose of the present study was to compare coagulation-flocculation and Fenton's oxidation with electrocoagulation (EC) using stainless steel (304 SS) and aluminium electrodes for the treatability of simulated reactive dyebath effluent in terms of decolorisation kinetics, chemical oxygen demand (COD) and adsorbable organic halogens (AOX) abatement rates as well as biological treatability.
Materials and methods

Simulated reactive dyebath effluent
Simulated reactive dyebath samples used in the experimental study were prepared according to the formulation given in Table 1 . The dyebath ingredients and formulation were I. Kabdaşlı et al. 126 kindly provided by a dyehouse located in Istanbul. The reactive dyebath consisted of a mixture of two azo dyestuffs (Synazol Red KHL and Synazol Yellow KHL) and one formazane dyestuff (i.e. Synazol Blue KR) as well as high concentrations of sodium chloride and soda ash resulting in a high salinity and alkalinity textile effluent. A polycarboxylic acid type dye auxiliary was also added functioning as both a sequestering and dispersing agent.
Coagulation and flocculation experiments
Coagulation and flocculation experiments were carried out with 500 mL dyebath effluent samples using a 1,000 mL-capacity Jar-Test apparatus. These experiments were conducted as follows: 2 minutes flash-mixing at 100 rpm, 15 minutes flocculation at 30 rpm and 30 minutes settling sequence. Ferric chloride (FeCl 3 .6H 2 O), ferrous sulphate (FeSO 4 .7H 2 O), alum (Al 2 (SO 4 ) 3 .18H 2 O, were used as coagulants. Although all types (cationic, anionic and non-ionic) of polyelectrolytes were tested in the experimental study, one (anionic type) of them was found to be effective as a coagulation aid. A wide range of coagulant dose varying between 350 and 2,000 mg.L 21 was tested. The anionic polyelectrolyte was used at a dose of 5 mg.L
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. The reaction pH was adjusted with concentrated HCl solution. The pHs were fixed at values in accordance with the optimum pH range of the above-mentioned coagulants as given in the literature (Kabdaşlı et al., 1995; Tünay et al., 1996) .
Fenton's oxidation
Fenton's oxidation experiments were run in 1,000 mL borosilicate glass beakers that were continuously stirred with a magnetic stirrer at ambient temperature. Before starting experiments, the pH of the samples was adjusted to 3.0 using concentrated HCl solution. Appropriate amounts of Fenton reagents were taken from the stock solutions of FeSO 4 . 7H 2 O (daily prepared) and H 2 O 2 (35% w/w) to attain the desired Fe 2 þ :H 2 O 2 ratio. The reaction was commenced after 60 minutes with the addition of H 2 O 2 . The experiments were ceased with the addition of NaOH to increase the pH to around 9.5 -10.0, where ferric iron precipitated out as Fe(OH) 3 . After the iron sludge was separated via filtration (0.45 mm, Millipore), the residual (unreacted) H 2 O 2 in solution was checked with H 2 O 2 strips (Quantofix, Macherey-Nagel) and enzymatically decomposed by addition of an appropriate amount of the enzyme catalase (made from Micrococcus lysodeikticus, 1 AU destroys 1 mmol H 2 O 2 at pH 7 RTP, 100181 U/ml, Fluka).
The electrocoagulation treatment
The electrocoagulation unit consisted of a 1,500 mL-capacity rectangular reactor (l: 34.3 cm; w: 12.5 cm; h: 28.3 cm) made of polyethylene (PE 1,000) with three pairs of anodes and cathodes. Either steel (SS 104) or aluminium electrodes (l: 11.9 cm and d: 1.02 cm) were used as anode and cathode with surface areas of 38.5 cm 2 . The distance between electrodes was set at 2 mm. The current density was kept constant by means of a high precision DC power supply (E max : 20 volts). Samples that were periodically taken from the reactor were allowed to settle for 30 minutes before filtration during the electrocoagulation treatment.
Biological treatability
Biological treatability studies were carried out with untreated and chemically pretreated dyebath effluent samples (treated by electrocoagulation and coagulation conducted at optimum reaction conditions). Fenton's pre-oxidation was excluded from the biodegradability experiments due to the fact that they were run at too acidic pHs (3) that from the economic and practical point of view do not allow the real-scale application of Fenton's oxidation in combination with biotreatment. Hence, in the present study, Fenton experiments can be regarded as a control for comparison of electrocoagulation with a more well known advanced treatment method. Improvement in biodegradability was followed by COD abatement rather than the BOD 5 parameter mainly for two reasons; i.e. the composition of the reactive dyebath effluent (its high salinity) and the nature of the BOD 5 test itself (inaccuracy of obtained results). For this purpose, seed biomass was taken from a 1 L-capacity fill and draw reactor acclimated to synthetic domestic wastewater prepared according to the ISO 8192 (1986) toxicity test procedure. The experiments were run in batch reactors fed with a mixture of the synthetic domestic wastewater and either untreated or treated samples at a F/M ratio of 0.3 g VSS.(g COD.d) 21 . The COD was followed for 24 hours during the experiment.
Analytical procedure
The samples were filtered through 0.45 mm Millipore membrane filters before colour and COD measurements. Residual colour in the samples was measured using Perkin Elmer lambda 25 model UV-VIS spectrophotometer at three different wavelengths (l: 436, 525 and 620 nm) corresponding to yellow, red and blue colour, respectively, to determine the changes in optical density. A Behr Cl-10 model AOX analyser was used for AOX measurements. All analyses were performed in accordance with Standard Methods (1998) except for COD and AOX measurements. The COD measurements were made as defined in DIN 38 409, H 41 -2 Method (1980) because of the high chloride content of the samples. AOX measurements were accomplished by the ISO 9562 (2004) column method. All chemicals used were analytical grade.
Experimental study results
Characterisation of reactive dyebath effluent
Characterisation of the simulated reactive dyebath samples prepared as described above is delineated in Table 2 . The samples had a relatively intense colour and low soluble COD content. The COD of all dyebath constituents were also determined separately and it was found that around 70% of the total COD originated from one particular dye assisting chemical (i.e. the sequestering and dispersing agent formulation). The pH of the samples was very high reflecting the typical pH of reactive dyebath wastewater with a higher acid demand for all treatment methods used in the present study. Although chloride concentrations were relatively high, this seemed to be an advantage for electrocoagulation treatment as NaCl served an electrolyte. 
Coagulation and flocculation experiments
The electrocoagulation treatment
Preliminary optimisation experiments were performed to determine optimum reaction conditions, namely initial pH and current density to reach the highest possible COD and colour removals considering sludge production as well as AOX formation potential for electrocoagulation with steel and aluminium electrodes. The optimum reaction conditions were determined as current density of 22 mA.cm 22 (electrical current: 5 A) and pH 5 for both electrode materials used in the experimental study (Vardar, 2006) . Figure 1 (a) and (b) depict the results of electrocoagulation experiments carried out at these optimum reaction conditions. As can be seen from Figure 1(b) , COD removal was gradual and about 65% in ten minutes for electrocoagulation using steel electrodes. Colour was also almost completely removed within 10 minutes for all wavelengths measured. However, the increase in pH was significant and already over 10.0 in 10 minutes with a six units increase in pH. As the reaction continued COD kept decreasing but more slowly than at the beginning of the reaction and reached a very small value of 22 mg.L 21 at the end of 60 minutes when the pH was 12.67. The amount of sludge produced at the end of the reaction was slightly over 5 g.L 21 . The optimum reaction time may be judged as 20 minutes when colour fell below noticeable levels, COD removal was 77% and sludge production was at a reasonable amount of 2.2 g.L
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. The electrocoagulation conducted with aluminium electrodes was less efficient in all respects than steel electrodes and exhibited different characteristics. COD removal rate was similar to that of steel electrodes up to 30 minutes where the same COD value with that of steel electrode was obtained (Figure 1b) . However, following 30 minutes of the reaction time, the reaction rate was rather slow as compared to steel electrodes results. The remaining COD was over 40 mg.L 21 which was two-fold the corresponding value of steel electrodes system at the end of 60 minutes. Increasing the reaction time to 90 minutes did not improve COD removal. Colour removal was also very slow and far from being satisfactory even at the end of the extended reaction time of 90 minutes ( Figure 1a) . Colour in all wavelengths was over 0.2 cm 21 indicating a high level of colour, the remaining COD was 56 mg.L 21 (81% removal) and sludge of 1.6 g.L 21 was produced in 20 minutes. At the end of 90 minutes COD removal was still about 85%, colour was still noticeable at 436 nm and sludge production reached a huge amount of approximately 16 g.L 21 .
AOX was followed for electrocoagulation and coagulation yielding the highest colour and COD removal efficiencies in order to evaluate the formation potential of hazardous 
Biological treatability
Results of biological treatment experiments are delineated in Figure 2 . The results indicated that the effluent produced by FeSO 4 coagulation at a dose of 1,000 mg.L 21 exhibited a lower biodegradability than that of the untreated sample which may be attributed to selective adsorption of some readily biodegradable components onto the flocs. The effluents originating from destructive electrochemical treatment were variable. While the treatability characteristics of the sample that was electrochemically treated with steel electrodes remained almost the same as that of the untreated sample, the one treated with aluminium electrodes exhibited a marked improvement in biodegradability. This result is consistent with the conclusion of Alinsafi et al. (2005) who found that alum electrodes proved effective in increasing biodegradability.
Comparison of the treatment methods employed Table 5 summarises the results obtained at the optimum reaction conditions for each treatment method applied to the simulated reactive dyebath effluent in the present study. 
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As seen from the table COD removals were at the same level for Fenton's oxidation and the two electrochemical treatment systems. Electrocoagulation with aluminium electrode seemed to yield the best results in terms of both COD removal and biodegradability. However, its colour removal performance was not as high as that of the other treatment processes employed. Another disadvantage of this application was the high level of sludge production at the extended reaction times. Although after electrocoagulation with steel electrodes produced the highest amount of sludge and effluent pH its performance was very satisfactory both in terms of COD removal and colour reduction. Salinity changes were not significant in the methods applied except for Fenton's oxidation (due to requirement of acidic pH medium).
Conclusions
In the present experimental study the treatability of reactive dyebath effluent with electrocoagulation using either stainless steel or aluminium electrodes was compared with two more well known treatment processes, namely Fenton's oxidation and coagulation-flocculation. Each treatment process was evaluated in terms of its effectiveness in removing COD and colour as well as its ability to improve the biodegradability of the simulated reactive dyebath sample. Electrocoagulation, particularly application with steel electrodes, proved to be quite effective both in terms of COD and colour abatement rates thus providing a comparable result with that of Fenton's oxidation. This application was also favourable in terms of AOX removal and biodegradability improvement. However, it should also be noted that sludge production for all EC applications was significantly higher than those of the other methods employed in this study.
